We will discuss colloid suspensions of pigments and compare their electro-optic properties with those of traditional dyed low molecular weight liquid crystal systems. There are several potential advantages: very high contrast because of the high orientational order parameter of rod suspensions, excellent light fastness of pigments as compared to dyes and high colour saturations resulting from the high loading of the colour stuff. Although there is a weak "single-particle" electro-optic response from a dilute suspension, this is very much enhanced when the concentration is sufficient to give a nematic phase. Reliable suspension stability is beneficial for experimental reproducibility but it is of paramount importance for display applications. We therefore discuss a method to stabilise the pigment suspensions and the reasons for its success. Small angle X-ray scattering was used to determine the orientational order parameter of the suspensions as a function of concentration and the dynamic response to an applied electric field. Optical properties were investigated in a wide range of pigment concentrations. Electro-optical phenomena such as field-induced birefringence and switching in IPS cells were characterised. In addition, we demonstrate that the mixtures of the pigment suspensions with small amounts of ferrofluids open doors for development of novel magneto-optical materials.
Introduction
We live in a connected world. The number of active mobile phones has been predicted to exceed the number of people on our planet in 2014 [1] . Every mobile phone has a display. But these are not the only displays which surround us. When you look around your home you will find computers, televisions, radios, weighing machines, hobs, clocks, game consoles, thermometers etc. all equipped with displays.
Often these displays will be liquid crystal displays, so far one of the most successful display technologies ever. But what is it?
A standard liquid crystal display consists of a number of layers as can be seen in Figure 1 . Its active part is the combination of the polarizers and the liquid crystal which form a light valve. Light passing the first polariser is polarized, i.e. only one vibration mode is allowed through. Depending on the orientation of the liquid crystal director this mode stays untouched or is changed. The second polarizer, the analyser, blocks or transmits the light depending on its state of polarization as can be seen in both parts of Figure 2 . In a nematic liquid crystal, the orientation of the director can be changed by an applied field so the device can switch from transmission to blocking. Figure 2a the liquid crystal molecules are oriented in such a way that incident light experiences a birefringent material and its polarization direction is rotated until it is parallel to the transmission direction of the second polarizer. In Figure 2b the liquid crystal is re-oriented by an electric field. It acts now as a single refractive index material and leaves the light polarization unchanged. This polarization is blocked by the second polarizer. No light is transmitted.
Colour is generated by opening or closing the light valve on top of Red, Green, and Blue (RGB) colour filters. The unit depicted in Figure 1 is called a pixel. The pixel size is dependent upon the application. The higher the resolution (i.e. the higher the number of pixels), the smaller the pixel size. There is no real physical constraint on the size of the pixel. The major constraint is the data flow and, coupled with it, the refresh rate. The more the product of the number of pixels multiplied by the refresh rate, the more data that has to be channeled to each line in the display. It is easy to visualize how the bit rate increases considerably for a high resolution display with a 100 Hz refresh rate which is typical of liquid crystal displays available today.
Even though the liquid crystal display is extremely successful, one of its major drawbacks is light efficiency. Only roughly 1/4 of the light incident onto the display is transmitted when the display appears white; that is, when all light valves are open. Since polarizers not only polarize but also absorb, about 40% of the incident light passes the first polarizer [2] . An ideal combination of the RGB colour filters would allow roughly 80% of the light incident on them through [3] when all filters are in transmitting mode. The second polarizer then absorbs a further 20% of the transmitted light, assuming that the light polarization is in line with the analyser, which leaves about 25 % of the incident light. Other sources of light loss are the electrodes, pixel boundaries reflections at interfaces which are not included in the calculation. The consequence is that images are only visible when the display is illuminated by a very strong backlight. It is not possible to use this kind of display in reflective mode. In reflective mode the light has to pass the stack twice and only about 16% of the incident light would be reflected. On the other hand, light transmitted is so weak that liquid crystal displays perform poorly in outdoor conditions. On a sunny day, a full colour liquid crystal display will appear dark to the observer.
A major step to improve light efficiency is the removal of polarizers and colour filters. By removing these three layers and incorporating the colour into the lc layer the light efficiency can be improved to 50% transmission which would make it possible to use the display in reflective mode, see for example [4] [5] . As a result a much lighter, cheaper and optically more versatile display could be built.
Guest-Host Systems
30 years ago a lot of research went into so called guest host systems where dyes were dissolved into a liquid crystalline host to replace the polarizes and the colour filters. The idea was to switch colour directly. Another benefit was that the viewing angle increases in guest host systems. In a guest-host system a dichroic dye is dissolved in a nematic liquid crystal. The "rod" like dye molecules slot into the nematic matrix and are rotated when the director is reoriented by applying an electric field. The dye molecules act like antennae. When the transition moment is parallel to the electric field vector of the electromagnetic wave, the light can couple into the transition moment and the colour matching to the frequency of the dye molecule is absorbed. Electric field vectors perpendicular to the transition moment stay completely unaffected by the dye molecule. A measure of the efficiency of this mechanism is the so called dichroic ratio.
The dichroic ratio is defined as: = , where and are optical absorbances of the aligned dye doped liquid crystal measured for light polarizations parallel and perpendicular to the director [6] . Conventionally and R are measured at the maximum absorption band. However for a dye with a wide absorption spectrum or a black dye, the dichroic ratio is evaluated over the whole visible spectrum [6] : To account for the photopic response of the human eye for colour, the photopic dichroic ratio ( ) can be defined as
where ( ) is the value of photopic luminosity efficiency function at wavelength [6] . The dichroic ratio depends strongly on the orientational order parameter of the dye molecules and this is mainly limited by the order parameter of the host. The orientational order parameter is defined as where β is the angle between the long molecular axis and the director. The brackets designate an ensemble average. The relationship between dichroic ratio and order parameter follows from a simple picture. When a photon interacts with a dye molecule, the probability of absorption depends on the cosine squared of the angle (δ ) between the transition dipole and the electric field. For a solution of aligned dye molecules, the absorption , A , is given quantitatively by the linear attenuation of the pure dye with light polarized parallel to the transition dipole, // k , the volume fraction of dye in the solution, Φ , and the cell path length, L ,
where T is the transmission.
The equation shows that changing the orientation of the dye molecules will not lead to a sudden on/off of the absorption but to a rather soft transition. This is an intrinsic feature a feature of guest host systems. In general, there is a distribution of orientations so the mean value of 
The dichroic ratio is therefore
A high contrast device requires a high dichroic ratio material. A barely acceptable value is 10 which implies an order parameter of 0.75. This is quite high for a small molecule nematic. Thus an exceptionally high order parameter host and a favourable coupling between the host nematic and the guest dye are required for useful device.
Pigments instead of dyes
The simplest definition of a pigment is a dye which does not dissolve, but it can be much more. The dye molecules within an anisometric pigment particle are often aligned relative to a particle axis and their transition dipoles are therefore also aligned. Colloidal suspensions of such dichroic pigments have properties different from a guest host system: 1.) The particles may be large enough to self-shield so that some of the absorbing material in a particle is 'hidden' from the incident light. This suggests a venetian blind type of display but this possibility has not yet been exploited. 2.) In a birefringent, uniaxial material the attenuation coefficient has an angular dependency which promotes absorption not following the 2 behaviour when the particle is tilted [7] .
3.) The anisotropy of the optical properties may be modified by the shape of the particles. This is known as the 'form' effect, another parameter influencing the transmittance [7] . 4.) An electrically switchable liquid crystalline phase can be achieved by suspending dichroic particles in an isotropic solvent. This avoids the difficulties of making stable suspensions in nematic hosts. It can also lead to high order parameters and hence to high optical contrast between different states.
In the following we will concentrate on particles small relative to the wavelength of light in order to avoid scattering. This is justified because the scattering intensity is proportional to 1 2 4 � where 1 is the volume of a single particle and the wavelength. Absorption tends to follow 1 � . In this section, we examine the changes in transmission that can be expected from changing the orientation of the director of a nematic suspension of dichroic particles.
Consider a suspension of dichroic particles occupying the region bounded by the z=0 and z=L planes. A beam of light, travelling in the positive z direction, is incident on this material. Initially we consider that all the transition dipoles perfectly aligned in the direction, T, which lies in the xz plane. The polarization is defined by the direction of the electric field, E, which lies in the xy plane. The light will propagate along the z direction as two mutually incoherent beams with orthogonal polarizations. The intensity of each beam on entry (near z=0) is defined by the initial polarization angle,
The beam with polarization along the y axis is not attenuated because its electric field is perpendicular to transition dipole. The other is attenuated at a rate determined by the attenuation coefficient and the angle between the transition dipole and the z axis, T θ . The total intensity of the light as leaves the material is then:
Thus an unpolarized incident beam becomes polarized along the y axis. If the alignment of the particles, and consequently their transition dipoles, is not perfect then both the internal beams will be attenuated and the total intensity leaving the suspension becomes: is the angle of the initial polarization. is the angle between the transition moment and the z axis. n is the direction of the liquid crystal director.
where ψ is the angle between the transition dipole and the x axis and ζ is the angle between the transition dipole and the y axis and the angle brackets indicate averages over all the transition dipoles. These quantities will depend on the orientation of the director, n, and the orientational order parameter, S, of the transition dipoles. It is useful to calculate them for particular cases of transition dipoles embedded in anisotropic particles. We first consider a uniaxial distribution of rod shaped particles with the transition dipoles along the rod axes. For case of homeotropic alignment, with the director along z, the angles are
sin sin cos and sin cos cos = = , (12) which reduces to a single decay for any incident polarization, because all directions perpendicular to z are equivalent.
( )
is the absorption of an isotropic suspension. The absorption of the homeotropically aligned suspension is therefore,
For planar alignment of these rods, we choose the director to lie along the x axis. In this case, the directions perpendicular to z are not equivalent and so there are two separate intensity decays (for
For unpolarized incident light, an expansion of the exponentials gives to first order ( ) (16) and the absorption of the planar aligned suspension is
Similar calculations may be made for a uniaxial distribution of discs with transition dipoles distributed perpendicular to the disc axes. For homeotropic alignment, with the director along z, (17) and for planar alignment of the discs with the director along the x axis We can now assess the prospects for making reflective displays by switching from the random (unaligned) state, or the planar director state, to the homeotropic director state using an applied field as illustrated in Figure 4 . The Table 1 shows the ratio of absorptions, D, that can be expected for the rods and discs discussed above with assumed values of the order parameters. For a discotic system, the particles' orientational order parameter, S , is typically between -½ and 0 since the axes tend to be perpendicular to the director. These calculations show that the field response ratios for the rods case are very different from one and do suggest that a high contrast display could be made based on the reorientation of nanorods with a transition dipole along their axes. The field responses for the discs cases are much weaker. It is clear that the best optical response to the application of an electric field will be achieved using a suspension of rods with high orientational order parameter. This may be achieved by forming a nematic phase of rods in an isotropic liquid or by suspending the rods in a small-molecule nematic phase.
Stable suspensions and their preparation
To see any of the effects discussed above we need stable colloidal suspensions. A colloidal suspension is stable when the thermal energy is high enough to counteract the attractive forces between the particles which would cause aggregation and the gravitational force which would cause sedimentation. The attractive forces are dependent on the materials of the particle and the suspension medium and the particle dimensions. For parallel, side-by-side rod shaped particles the Van der Waals attractive potential given by the approximate formula
where A is the effective Hamaker constant for combination of the particle materials and surrounding medium, R is the radius and L is the length. This formula holds for small gaps, x.
The plot in Figure 5 shows that the smaller the distance between two particles is the stronger the attraction. To prevent particles from coming into the attractive range, they have to be either charged or their surface has to be treated in such a way that a fluffy barrier stops the particles from coming too close. Charged particles are surrounded by a cloud of counter ions. The thickness of this cloud is described by the Debye screening length −1 with
where e is the elemental charge, c I is the ionic strength of the electrolyte, N A is the Avogadro constant, k B T is the thermal energy, is the relative permittivity of the medium, and 0 is the permittivity of vacuum. From the equation it becomes clear that the stronger the electrolyte, i.e. the more charge is present, the smaller the Debye screening length. On the other hand in non-polar solvents the Debye screening length is big, that means if the particles were charged no further stabilization would be necessary. However charging of particles in non-polar solvents is difficult because of the local neutralization by counter ions. Steric stabilization is generally more effective. If polymer chains are attached to the surface of the pigments and the solvent swells those chains they extend to their full length. When two polymer stabilized particles approach each other two scenarios can occur: a) the polymer chains overlap. The increased polymer concentration creates a repulsive osmotic pressure and the particles will move apart if this pressure is higher than the attractive van der Waals force. b) If the pressure is not high enough the polymer chains will compress thus reducing the entropy of the polymer chains which will again lead to a separation of the particles.
Electrostatic repulsion and steric stabilization occur often in parallel, but in non-polar solvents steric stabilization is the dominant mechanism.
All objects experience gravitational force, which means there is a tendency for dense particles to sink. The particles will be accelerated downwards until this acceleration is balanced by the friction between the particle and the surrounding liquid, the so called drag force. The particles will then travel at so called terminal velocity which is given, for example for a sphere by Energy (zJ)
Inter-particle gap (nm)
where a is the radius of the sphere, Δ the difference of density between the particle and the surrounding liquid, g the gravitational acceleration and the viscosity of the liquid. The smaller the particle and the higher the viscosity of the surrounding liquid the lower the terminal velocity. It will tend to zero when there is no density difference between the particle and the liquid, the particle will stay suspended and not sediment.
Sedimentation is partly counteracted by Brownian motion, a random motion caused by the collision of the particle and the thermally fluctuating molecules in the liquid and by the tendency of diffusion to create a uniform particle concentration. The equilibrium thickness of the sediment is given by:
where is the volume of a particle and ∆ is the difference in density between particle and medium. If the sedimentation thickness is substantially greater than the particle dimension, the suspension is said to be stable against sedimentation.
The pigments are generally supplied as dry powders. To prepare suspensions the clusters in the powder have to be broken up, ideally into single particles, and the particles have to be stabilized by a surface treatment to avoid aggregation in the solvent.
A very successful method is milling of the pigments in a solvent in combination with a dispersant. Depending on the pigment the amount of dispersant needed varied between 10 to 40% on the weight of pigment. We found that for dodecane as a solvent and for 20 to 30 wt % of pigment the Solsperse dispersant 11200 (Lubrizol) are the most effective ones. Suspensions with less than 20w/w% of pigment were prepared by stepwise dilution of the mill base and mixing with the solvent. When the particles were prepared for suspension in a liquid crystal, the particles were milled in a solvent mixture with a similar dielectric constant to the liquid crystal ( 5CB for example has an isotropic dielectric constant The milled suspension showed Schlieren texture in between crossed polarizers indicating a nematic phase. The particle size was determined by dynamic light scattering in a Malvern Nanosizer and showed that milling did not break the primary particles.
Another test pigment was Permanent Rubine L4B01 (C.I. Pigment Red 57:1). This pigment from Clariant is a calcium laked BONS red pigment and its primary particle shape is that of a flake with an average width of 131 +/-17 nm, average length 282+/-227 nm and a thickness of roughly 10nm ( Figure 7 ). With the same procedure and the same stabilizers as for Novoperm Carmine stable suspensions were achieved as well.
The third test pigment was Graphtol Carmine, another elongated shaped particle, with colour index Pigment Red 185. Graphtol Carmine belongs to the same chemical group of benzimidazolone pigments as Novoperm Carmine but is more lace shaped with an average length of 330nm, width of 66nm, and a thickness of 11 nm.
Optical characterization
Since the driving force behind the research into pigment suspensions in non-polar solvents is the desire to create a display without the need of colour filters the ideal suspension would switch between a coloured and a clear state when an electric field is applied. To make the suspension useful for display application a threshold is necessary as well, i.e. the particles would only re-orient when a voltage higher than the threshold was applied. Gradual re-orientation would deteriorate the optical performance of any display.
Traditionally the dichroic ratio is defined as in equation (8). The absorbances are measured in at the maximum absorption band, parallel and perpendicular to the director of the liquid crystal.
In the case of pigment suspensions we cannot use this definition since two problems are encountered: a) Pigment suspensions in isotropic solvents are very hard to align without any applied fields. Instead of switching the director between parallel and perpendicular to the light polarization, the director is switched for example between unaligned and perpendicular to the light polarization. b) Suspensions above 10wt% of pigment are so strongly absorbent that their electro-optical response is hard to quantify.
For suspensions of 5 wt% and less, some changes of the spectrum can be observed. The suspensions are filled into glass cells which consist of two parallel glass substrate coated with ITO (indium tin oxide). The ITO coating allows the application of an electric field. The ITO layer was coated with an insulating layer to prevent electro-chemical reactions during the experiments. Figure 8 a) shows a small change in the absorption spectrum of Permanent Rubine in dodecane as reported in [12] . The difference between the two spectra is minute but still visible by eye. Figure 8 b) shows the device field response, which is the absorbance recorded when a field was applied, divided by the absorbance without a field. The device field response decreases with increasing amplitude which indicates that the transition dipole aligns more and more with the electric field lines and therefore more perpendicular to the electromagnetic field of the illuminating light. At the maximum amplitude of 2 V/µm it has not yet plateaued out which is suggesting that the orientational order parameter is increasing but has not yet reached a maximum. No threshold is observed either.
Another optical feature that makes it possible to characterize the suspensions optically is birefringence. , which is much smaller than in common thermotropic liquid crystals, and it strongly depends on the volume fraction of the dispersant. Birefringence can also be induced by external stimuli such as shear flow, electric or magnetic fields (Figure 9 B) .
Whereas birefringent dispersions with a high volume fraction of pigment particles show only a weak optical response in an electric field, either dichroism or birefringence, due to their high viscosity, isotropic dispersions with small volume fractions are very susceptible to the fields. Field-induced birefringence was demonstrated in thin cells with interdigitated comb-electrodes and under an action of the AC electric field ( Figure 9B ). Maximal response was observed at the frequency of 50 Hz. At low frequency, the refractive index difference Δn decreases. In DC fields, transient birefringence is observed after switching the field on. Field-induced birefringence increases nearly linearly with the volume fraction of the pigment particles ( Figure 10 ).
The mechanism of the orientational effect is still unclear. The transient behaviour of the field-induced birefringence in DC fields suggests that shear flow may be involved in the alignment process. An electric field induces electric current of charged entities of the free surfactant in the dispersion. Additionally, the permanent dipole moment of the particles may contribute to the particle alignment. Magneto-optical response Pigment dispersions of Novoperm Carmine do not show any significant response to a magnetic field. Cotton-Moutton effect has been observed in large magnetic fields of 10 -20T. Binary mixtures of the pigments with ferrofluids show a significant response in fields from 50 -700 mT already at the volume fraction of ferrofluid as low as 0.1 ( Figure 11 ). This behaviour can be attributed to the OnsagerLekerkerrker-Effect where the magnetic particles form chains in a magnetic field. Steric interactions between the magnetic chains and the non-magnetic pigment particles induce the alignment of the latter [16] [17] . At small volume fractions ϕ m of the magnetic component, the birefringence grows linearly with ϕ m . Determination of the order parameter via X-ray scattering X-rays are electromagnetic radiation with a wavelength between 0.01 and 10 nanometres. Visible light for example covers the wavelength range from 380 to 750nm. The small wavelength of X-rays makes it possible to explore a wide range of structures, from the spacing of atoms in a crystal to the shape and orientation of macromolecules or nanoparticles.
Some of the incident X-ray waves are scattered elastically and coherently by the electrons in the sample. The scattered waves interfere to give a diffraction pattern which contains information on the sample structure. The distribution of the electron density in the sample is connected to the diffraction pattern by a Fourier transform. For nanoparticles, Bragg peaks arise from their internal periodic structure while the shape and local packing of the particles determine the distribution of the scattering at low scattering vectors (Q). In principle, it is possible to use any anisotropic scattering feature to determine the orientational order parameter of nanoparticles in suspension. The low Q scattering from a rod shaped particle is predominantly a streak that is perpendicular to the rod axis. In an unaligned or isotropic suspension of rods, this gives an isotropic low Q signal but in a well aligned sample, the scattering becomes more intense in a direction at right angles to the director of the rod axes. Thus, the low Q scattering is useful for a qualitative assessment of the rods' orientational order. It can be seen in Figure  14 although partially obscured by the beamstop. However, there are several contributing factors to the low Q scattering: particle dimensions, their polydispersity, their local packing in concentrated suspensions and their orientational order. It is impossible to separate these influences in order to determine the orientational order parameter accurately and reliably.
The Bragg scattering from the internal structure of the particles provides a much more reliable route to the orientational order parameter. Bragg scattering is the coherent scattering of X-rays by periodic structures. The intensity of scattering signal on the detector is given by
where ( ) is the Fourier transform of the scattering length density distribution associated with a single repeating unit, such as a unit cell in a crystal, and ( ) is the Fourier transform of the lattice or ordered arrangement of the repeating units. Assuming that the repeating units are arranged in parallel planes separated by a distance d, Bragg peaks, i.e. constructive interference of the scattered waves, will occur when
where the integer n indicates the order of reflection. The intensity of the Bragg is modulated by the structure factor ( ). Broadening of the peaks occurs because of distortion of the lattice and the limited size of the crystalline domains. The distribution of the Bragg scattering around a ring at constant| | is determined by the orientational order of the particles. If the orientation of the diffracting planes within the particle is known, the particle order parameter may be determined from by analysing the intensity distribution on a ring. For example, Figure 12 shows the lattice planes in Permanent Rubine platelets which are oriented perpendicular to the plate normal. 
Experimental Measurement
Nanoparticle suspensions are contained in thin walled glass capillaries (diameters 1.5 mm) placed between two electrodes insulated with Kapton tape to reduce sparking. A horizontal electric field perpendicular to the X-ray beam is generated. The field strength could be varied up to 2V/µm and a frequency of 1Hz was found to be most effective in inducing alignment. The beamline I22 at the Diamond Light Source synchrotron was used with a sample-detector distance of 1 m and a wavelength between 0.62 and 3.54 Å [18] to record the Bragg peaks as a function of applied fields. In Figure 9 the schematic set up is shown.
In general the particles are not aligned when the suspensions are flowed into capillaries. Each Bragg peak from the crystalline structure in the particles forms a uniform ring, the so called Debye-Scherrer ring. A single particle could give a Bragg peak, perpendicular to the crystal planes, at a point on the detector with azimuthal angle . The different orientations of the particles do not lead to different Q values, since the distance between the lattice planes is fixed, but to Bragg peaks at different values. When the orientation of the particles is isotropic a uniform ring will be formed. When the particles become aligned the intensities in some intervals of will increase and in others decrease, see Figure 10 . Aligning the particles with a field causes two distinctive crescent shaped areas on the Debye-Scherrer ring. The scattering order parameter 2, ����� is calculated by where ( )is the normalised distribution of intensity around the ring. In the case of Permanent Rubine, figure 1 shows the platelet normal is also perpendicular to the crystal planes so the order parameter for the platelet normals is simply The results for three different suspensions in dodecane are shown in Figure 11 . The 10wt% suspensions of the three different pigments show the same trend. Increasing field strengths result in a more negative particle order parameter, i.e. the suspensions are more and more aligned with the platelet normal perpendicular to the field. No threshold was observable. The suspension responded to all applied field strengths immediately. The order parameter vs. particle concentration shows steady increase over 0 wt% to 20 wt% then a sudden decrease (i.e. more negative) at about 25 wt%, which is the onset of Schlieren texture when observed under a polarization microscope. Suspensions above 25wt% become difficult to handle. Their viscosity is so high that it is either very difficult or impossible to fill them into glass capillaries.
An isotropic to liquid crystalline phase transition could not be identified with certainty, probably because the polydispersity of the particles makes it continuous rather than sharp. However, the jump at about 25wt% of particles coinciding with the onset of Schlieren texture hints that the system is predominantly nematic above this concentration.
Conclusions
These studies have shown that it is possible to prepare a stable suspension of anistropic pigment particles which has high orientational order and may be reconfigured by application of an electric field. The field response of the optical absorption is consistent with the field induced change in the director distribution and the order parameter. The remaining challenge is to make a monodispersed pigment with the transition dipole along the long axis of a rod so that high contrast response can be achieved. Orientational order parameter Orientational order parameter
